Studies conducted
on the lxeparation and properties of the complexes of iron(I1) and (III) wit11 cyanide ancl aromatic cliimine miscd ligands *r-:r indicate that they may be iiscful in a variety of ways in chemical analysis. Tlms far analytical use has been made only of tire neutral clicyano-bis-(x,ro-l~i~~x~a~~tliroline)
-iron complex and of its 4,7-cliphenyl-x,zo-phcnanthrolinc homolog.
A highly selective, sensitive colorimetric mctlrod for tlic clctcrmination of cyanide !x~2cl on formation and extraction of the former has been clcscribec! 4. 'The homologous phenyl-substituted comples was shown to he a suitable form in wlriclr trace amounts of iron can be quantitatively separated from copper ant! measured spectropl~otomctricr!!_v~.
In the present study it is found that dicy~lno-l,is-(x,x0-l~!~enant!~ro!inc)-irorl (II) ant1 clicyano-bis-(z,z'-bipyricline) -iron(I I) arc useful as acid-base and oxidation-recluction indicators. Future stuclics are nnticipatccl which may lcacl to the use of the charged species in tins series of misec! ligand complcses as precipitation reagents.
Tlie tctrikcyano-mono-(r,Io-phcnant!rroline)-fcrratc(I1) anion, for esamplc, which forms insoluble salts with a number of tile heavy metal ions, may prove to bc ;L practical and sclcctivc precipitation reagent. The tctracyano comples and its salts are highly colored; thus smxll amounts coulc! be mcnsurcc! colorimctrically.
For simplicity and convenicncc, the trivial names ferrocyphen and fcrrocypyr are proposed for clicyano-his-(r,xo-phcnanthro!inc)-iron(I1) and c!icyano-bis-(z,z'-!>ipyric!ine)-iron( rcspcctivcly; the cationic iron(II1) species, obtained on osidation of these neutral complcses, may then bc refcrrecl to respectively as fcrricyplien and fcrricypyr.
It is believed that this marks the first time a metal complex of any kind has been found to be effective as an acid-base indicator.
In any case, the use of a metal complex for such a purpose is sufficiently novel to prompt some elaboration as to its conception.
During a recent investigation 3 it was found tlrat fcrrocyphcn and ferrocypyr react rapiclly and reversibly with strong acids to give stable mono-and diprotonatec! species, Acid eschnngc measurements, carried out in glacial acetic acid, indicated that fcrrocyphen nncl ferrocypyr are similar to o-chloronnilinc in basicity. In acetic acid solvent. the monoprotonatccl species provccl to be very much weaker than o-ch!oro:mi!inc, somewhat wcnker than thiourea, yet considerably stronger than the solvent in comlxtition for pcrclrloric acid. Since the visible absorption characteristics, as well as the lxlsicitics, of the protonated and neutral species cliffer markedly, the neutral complexes s!~oulcl be able to function as acid-base indicators. This I35 contention is confirmed by the results of the present study. It is shown that the compleses are applicable as indicators for titratihg certain bases in various nonaqueous solvents. Their possible applications in spectrophotometric titrations and in aqueous systems have yet to be investigated.
Formal redox potentials for ferrocyphcn and ferrocypyr were measured in various concentrations of sulfuric acid. Confirming the fact that only the iron(I1) species eshibit measurable basicities, the formal potentials arc found to increase with increasing acid concentration.
Interestingly, just the opposite trend is observed for the formal potentials of the ferroin complcses tris-(x,x0-phenanthrolinc)-iron( tris-(g-nitro-x,x0-phenanthrolinc)-iron( ctc.a. The results of this investigation show the neutral miscd ligand complcscs of iron(I1) to be suitable for use as rcdos indicators. Several practical titrations are described. The suitability of ferrocyphcn as an indicator for the titration of aromatic amines with sodium nitrite is especially notable.
Previous work has been reported concerning the properties of the tetracyano species. GEORGE, HASASIA ASI) IHVINE~ found a value of 0.541 V for the standard reduction potential of the following couple (where bipy rcprcsents a,z'-bipyridinc)
:
In 0.2 M HCl a formal potential of 0.619 V was found. More positive potentials arise in acid because the iron(I1) complcs forms stable acid species whereas the iron(II1) cknples does not. The visible absorption characteristics of the iron and iron(II1) tctracyano species are not greatly differcnt~; hcncc they are not bclievcd to be suitable rcclos indicators. They could find application in spcctrophotomctric titrations, but this possibility has yet to bc csplored.
An interesting trend is apparent in tlrc formal rcclos potentials of the complcscs: a clccrease in potential of approsimatclg 0.2 V results each time an aromatic diimine &and is displaced from coordination with iron by two cyanide ligands. To illustrate, complescs in the iron-cyanide-2,2'-bipyridine system and their approsimatc formal potentials in strong acid solutions arc A Beckman pH meter, Model G, was used for potentiometric titrations. For nonaqueous acid-base titrntions a conventional glass electrocle and silver-silver chloride reference clcctrodc wcrc usecl. When titrations wcrc performed in acetic anhydride the silversilver chloride electrode was immersed in a saturated acetic anhydride solution of silver and lithium chlorides which was in electrical contact with the solution titrated by means of a capillary-fibre 'junction". For all other titrations the reference electrode was immersed directly in the solution titrated. A platinum electrode alid saturated calomel reference electrode (fibre-capillary type) were employed for aqueous rcdos titrations.
Procedural details for the synthesis of dicyano-bis-(I,ro-phenanthroline)-iron(I1) dihydrate (ferrocyphen) and dicyano-bis-(2,2'-bipyridine)-iron(I1) trihydratc (fcrrocypyr) are given elsewhere'. Solutions of the solid compleses were prepared as indicators. For acid-base titrations, 25 mg of the solid complex was dissolved in IOO ml of the solvent to be used for the titration and I ml of this indicator solution added to approximately every 25 ml of solution to be titrated. For aqueous redox titrations, 0.3 Q of the solid complcs was dissolved in IOO ml of concentrated acid, of the kind to bc used in the titration, ancl I ml of this indicator solution was added to approximatcly every LOO ml of solution to be titrated.
Limited solubilities preclude preparation of more concentrated indicator solutions in both C;LSCS. The nonaqucous solvents used were of reagent quality; no basic impurities were detectable. and benzene failed to dissolve the compleses. Varying degrees of.solubility.
Sta
were observed in isopropyl alcohol, ethylene glycol, and diethyl cellosolve; howe'i;kf excessive amounts of acid were necessary to produce significant color changes. Solvents which provided all of the sought-for characteristics arc glacial acetic acid, acetic anhydricle, chloroform, chlorobenzene, nitrobenzcne, nitromethane, and acctonitrile. .. ' A variety of titrations were performed to evaluate the applicability and effcctiveness of ferrocyphen and ferrocypyr as acid-bases indicators. F&r different solvents and a number of selected weak bases were employed. The general procedure was the same in every case. Table I gives the pertinent data and results. Gemvat fi~ocedrwe. Weigh out a 0.01-0. 02 mole sample of the 1x1s~ to be titrated, clissolve it in the solvent sclccted, and dilute to 250.0 ml in a volumetric flask. Pipet 50.0 ml of this solution into the titration vessel, add 50 ml more of the solvent and 4 ml of ferrocyphen or fcrrocypyr indicator solution, and titrate with standard pcrchloric acid solution.
For titrations in acetic anhydride use the 0.05 N pcrchloric acid-acetic nnhyclricle-acetic acid solution ; for all others, use the stanclarcl 0.x N pcrchloric acid in acetic acid solution.
Record both the potcntiomctric data and the solution color as a function of the titrant aclclecl. Then titrate succcssivc nliquots visually using the appropriate color rcsponsc of the indicator, asccrt~iinccl from the lirst titration, to detect the cquivalcnce point. Dctcrmine ancl correct for the amount of acid consumccl by the indicator ; calculate the percent purity of the sntnplc.
Deterntimatio?r of ,fonnal redos flotcntinls

Solutions
of the complexes, prcparccl in sulfuric acid of known comxnj-atjon, were titratccl potentiomctrically using platinum and saturated calome~elect~~iles, . .
,4%d. C/rir,1. .*Iclcc, 2G (rgG2) 134-143 standard ceric sulfate titrant, and a s-ml buret. Since the solid compleses were very slow to dissolve in the more dilute acid solutions, the weighed samples were first dissolved in 0.5 ml of concentrate<1 acid and then diluted with a known volume of sulfuric acid of the desired concentration. Some solutions were prepared by shafting an excess of the solid complex with the sulfuric acid for several min and then filtering off the undissolved solid. Although this did not permit use of weighed samples, it served to give crude estimates of solubilities and to check on the reliability of the other dissolution proceclure. Limited solubility of the iron(I1) compleses precluded potentiometric measurements both in neutral solutions and in acicl solutidns more dilute than those employed here. Formal reduction potentials ('UEYSUS the standard hydrogen electrode) for the l~e(III)/Fe(II) complex systems and the Cc(IV)/Cc(III) couple wcrc detcrmincd from the 50% and zoo"jo esperimental titration points, respectively. Potentiometric measurements prior to the end-point could be taken almost immediately after the adclition of each incrcmcnt of titrant ; bcyoncl the end-point the elcctroclc response was quite slow so that considerable time was required for the gradually increasing readings to attain rcasonabl}? constant values. The formal potentials founcl for the Ce(IV)/Ce(III) couple may be slightly low in some casts for this reason. However the main interest in tllcse was to test the reliability of the potcntiometric mcasurcmen&; in most cases the agrecmcnt with previously determined values is satisfactory. As a further check of tllc procedure, the amount of comples found was comparecl with that taken for titration. The results ilrc compiled in Table II . A. Ai SCHILT Oxidation-reduction titrations A brief survey of the more common oxidants and reductants was made to ascertain which would undergo sufficiently rapid reaction with the reduced and oxidized forms of the proposed indicators to bc suitable in titrations. In strongly acidic solutions, fcrrocyphen and ferrocypyr are oxidized reversibly and with great rapidity by Ce(IV), V(V), Cr207-2, BrO3-, IO4-, or HONO. Oxidation under similar conditions occurs much more slowly and at various rates using 103-, H202, S203-2, or HN03. The oxidized indicators ferricyphcn and ferricypyr are readily reduced in strong acid solutions by Pe(II), Sn(II), Cu(I), Sb(III), I-, and hydroquinone. Reduction by As(III). SO2, bydroxylamine, or hyclrazine is extremely slow except in very dilute acid or neutral solutions.
All of the titrations wcrc performed using ferrocyphen as the indicator. Since ferrocyphen and ferrocypyr have nearly identical formal reduction potentials and exhibit similar color changes on oxidation, it is assumed that they can be used interchangeably.
; Titvatiolz of iron( Preliminary titrations, performed potcntiometrically in the presence of aclclecl ferrocyphen, dcmonstratcd the need for aclcling phosphoric acid to lower the formal potential of iron (and thus the equivalence point potential) so that the indicator response would coincide with potentiometric end-points. Subseclucnt titrations were performccl according to the following directions: pipet IO.OO ml of the iron solution (in this case a solution containing 39.216 6 Mohr's salt per l), add 5 ml of concentrated phosphoric acid followed by sufficient concentrated sulfuric, or hydrochloric acid and water to give IOO nd of the desired acid concentration, add I ml of indicator solution (0.3 g ferrocyphen in IOO ml of concentrated phosphoric acid, and titrate with standard oxidant to the first distinct, sharp change in color (see Table III for specific details). Blank titrations were made to correct for the amount of titrant necessary for osidation of the indicator.
Tests performed on the" solutions retained after titration showed the indicator reaction to be reversible. Prolonged storage in an escess of either osidant or rccluctant -.. produced no deleterious effect on indicator behavior.
Tilvalion of /zyd~oyt&zone. Potentiometric titration of hyclroquinone in the presence of addecl ferrocyphen with the vanadium(V) titrnnt demonstrated that the vGua1 and potentiometric end-points coincide almost esactly. cvcn as the acicl concentrntion is varied. Using cerium (IV) as the titmnt, visual end-points were observecl to occur slightly before the potentiometric inflection points. The differences were in the range of 1000-2000 p.p.m. and hcncc arc within the espcctccl limits of esperimental error.
Visual titrations were pcrformcd according to the clircctions: weigh a 0.03-0.04-g snmplc, clissolve in IOO ml of acid (either hydrochloric or sulfuric, r-6 M), add I ml of indicator (0.3 g fcrrocyphen in IOO ml of concentrated sulfuric acid), ancl titrate with the standard osidant to the first distinct, sharp change in color. Blank titrations are necessary to correct for the amount of titrant consumed by the indicator. The results are given in 'I'ahlc IV. Tests performed on the solutions retained after titfition clemonstrated that the indicator reaction behaves reversibly. Storage for severa; hours of the solutions to which an escess of either hyclroquinone or titrant had been added was without noticeable effect on the indicator or its response.
Tdmtion of fwimnry nvontatic amines. Samples of various amincs were titratecl using the following procedure: weigh out a 2-3-mmol sample of the amine, dissolve in IOO ml of G M hydrochloric acid, add I ml of indicator solution (0.3 g ferrocyphen in IOO ml of concentrated hydrochloric acid), and titrate with standard sodium nitrite to a violet colored end-point that will persist for at least 3 min. A titration blank was measured to correct for the amount of titrant consumed by the indicator. Results are given in Table V .
From the behavior of the indicator during the titiations it is evident that its reaction responds reversibly with respect to the titration reaction. Upon rapid addition of large increments of titrant, prior to the equivalence-pbint, ferrocyphen underwent complete and rapid oxidation followed more slowly by a gradual return to the reduced conclition. Such l.XhilViOr could be produced lllilIl_~ times throughout the course of iLIly given titration, ancl ;~pparcntly, without adversely affectink: the ability of tile indicator to function properly. Since reduction of ferricyphen cannot be cffccted by the aromatic amines in question, it appears that one of the dinszotization proclucts or reaction intermediates is responsible for the reversibility of the inclicntor in this case. No attempt was madc to cluciclatc the indicator rcnction mechanism.
Aniline wxs titratccl potcntiomctricalty in the presence of fcrrocyphen to clcterminc the color of the indicator in the immccliatc neighborhoocl of the clcctrometric cndpoint. The change in color of the indicator from light yellow to pale violet was observccl to coincide almost exactly with the potcntiometric end-point in cnch of three cliffcrcnt hyc~rocl~loric acid conccntrntions employed: 4, G and 8 M. Considerable time, up to I II, was rcquirccl to complete eilch potentiometric titration, because cithcr or both chemical and electrode systems were slow to reach cquililxium and. of course, many equilibrium measurements were necc~ccl. No clclctcrious effect on the reversibility of the indicator nftcr this time was noticeable.
A moclest saving of time could be achieved by using 6 M hydrochloric acid as the 
